The effect of an atomically thin Ar layer on the image-potential states on Cu(100) surfaces is studied in a joint experimental-theoretical study, allowing a detailed analysis of the interaction between a surface electron and a thin insulator layer. A microscopic theoretical description of the Ar layer is developed based on mutually polarizing Ar atoms. Account of the 3D Ar layer structure allows one to predict energies and lifetimes of the image states in excellent agreement with the observations. The Ar layer, even as thin as one monolayer, is efficiently insulating the state from the metal. DOI: 10.1103/PhysRevLett.89.046802 PACS numbers: 73.20.At, 73.40.Ns, 78.47. +p, 79.60.Bm The dynamics of electronically excited states plays a fundamental role in a variety of surface processes involving adsorbates. The relaxation of excited states opens the way to various reaction paths, and this forms the basis of many electron-or photon-stimulated surface reactions. The recent development of fs lasers allows the detailed study of such transient states directly in the time domain. The lifetime of the surface-localized transient states is a key parameter for the efficiency of the reaction processes they mediate, and, thus, it is very tempting to try to control these lifetimes by modifying the surface environment. Adding an insulator layer on the surface is a promising possibility [1 -4], since it can be thought of as a spacer decoupling the transient state from the substrate. Up to now, the effect of insulating layers on excited states dynamics has been described by a parametrized continuous dielectric model [4 -7], i.e., a 1D potential acting on the excited electron. Such an approach postulates that atomically thin insulator layers have the bulk insulating properties and neglects the discrete structure of the layer. These aspects influence the electron transmission through the layer which is a key factor for the excited state lifetime control, and they should be very important for the discussion of site effects with thin insulator layers. It is thus of paramount importance to be able to quantitatively predict and understand the perturbation introduced by a very thin layer on the surface, with all its 3D features. In the present work, we develop a 3D microscopic description of an atomically thin rare gas layer on a metal surface, and as a first application, we compare its predictions for the image potential states in the Ar͞Cu(100) system with the results of a time-resolved two-photon photoemission (2PPE) experimental study. We demonstrate that accounting for the Ar layer structure leads to predictions for the energy and lifetime of the image states in close agreement with experiment.
The dynamics of electronically excited states plays a fundamental role in a variety of surface processes involving adsorbates. The relaxation of excited states opens the way to various reaction paths, and this forms the basis of many electron-or photon-stimulated surface reactions. The recent development of fs lasers allows the detailed study of such transient states directly in the time domain. The lifetime of the surface-localized transient states is a key parameter for the efficiency of the reaction processes they mediate, and, thus, it is very tempting to try to control these lifetimes by modifying the surface environment. Adding an insulator layer on the surface is a promising possibility [1 -4] , since it can be thought of as a spacer decoupling the transient state from the substrate. Up to now, the effect of insulating layers on excited states dynamics has been described by a parametrized continuous dielectric model [4 -7] , i.e., a 1D potential acting on the excited electron. Such an approach postulates that atomically thin insulator layers have the bulk insulating properties and neglects the discrete structure of the layer. These aspects influence the electron transmission through the layer which is a key factor for the excited state lifetime control, and they should be very important for the discussion of site effects with thin insulator layers. It is thus of paramount importance to be able to quantitatively predict and understand the perturbation introduced by a very thin layer on the surface, with all its 3D features. In the present work, we develop a 3D microscopic description of an atomically thin rare gas layer on a metal surface, and as a first application, we compare its predictions for the image potential states in the Ar͞Cu(100) system with the results of a time-resolved two-photon photoemission (2PPE) experimental study. We demonstrate that accounting for the Ar layer structure leads to predictions for the energy and lifetime of the image states in close agreement with experiment.
Among the excited states at metal surfaces, imagepotential states attracted a lot of attention. These states are due to the attraction between an electron and its electrostatic image. When a projected band gap prevents electron penetration inside the bulk, a Rydberg-like series of states (index n) is formed converging to the vacuum level [8, 9] . Qualitatively, an image-state electron is a 2D object, it is located in front of the surface, and it travels quasifreely parallel to it. They predominantly decay by inelastic electron-electron scattering in the bulk [10] . Image states provide a very simple system, in which excited states at surfaces can be studied from a fundamental point of view.
Because of their localization in front of the surface, image states are extremely sensitive to adsorbates on the surface [2] [3] [4] [11] [12] [13] [14] . Concerning insulator layers, several experimental studies in the time domain have been reported for the heavier rare gases [4, 11, 12] . Qualitatively, if the energy of the image state is below the insulator conduction band bottom, the state wave function is repelled toward vacuum leading to a decrease of its binding energy and decay rate. On the other hand, for energies above the conduction band bottom, one can expect the formation of quantum well states located inside the insulator layer [4] . Atomically thin Ar layers on Cu(100) are an attractive system for studying this problem. In this relatively simple system, the image states are located close to the middle of the Cu projected band gap, thus avoiding metal band edge effects. Parameter adjustment within the 1D dielectric continuum model, although successful in the case of heavier rare gases [4, 6, 12] , fails in quantitatively accounting for the Ar͞Cu(100) experimental data [15] . This failure again 046802-1 0031-9007͞02͞ 89(4)͞046802(4)$20.00 © 2002 The American Physical Society 046802-1 points at the need for an accurate description of an insulator layer. The theoretical modeling of image states on Ar͞Cu(100) involves three steps. (i) In a first step, we determine the structure of the Ar layer on Cu(100) by minimizing the total energy of the system (simulated annealing technique). The interactions between the Ar atoms and between Ar and Cu atoms are represented by Lennard-Jones pair potentials [16] . The Ar monolayer (ML) is found to be a hexagonal incommensurate phase, as found experimentally on Cu(110) [17] . The 1 ML adsorption height is 6.94a 0 from the last Cu plane. The growth of the Ar layers follows an fcc structure along the [111] direction. The surface density in each plane is lower than in bulk Ar, similar to what has been observed on Cu(110) [17] .
(ii) In the second step, the interaction potential between an electron and Ar͞Cu(100) is computed. It is assumed to be the sum of an electron-Cu metal surface and electron-Ar layer interaction potentials. The former is taken from the work of Chulkov et al. [18] . This local potential is a function of z, the electron coordinate normal to the surface and assumes a free electron motion parallel to the surface. The e-Ar layer interaction is obtained from the sum of individual e-Ar interactions, taking into account the mutual polarization of the Ar atoms. This mutual polarization is the essence of the screening of a charge inside an insulator. The model local potential for the e-single Ar interaction is the sum of a short range repulsive part and of a long range polarization part (r is the e-Ar distance):
V ͑r͒ ͑7 2 10r͒ exp͑20.8r 2 ͒ 2 a 2͑r 2 1 1.5͒ 2 (1) (in a.u.) with a, the Ar polarizability equal to 11.08a 3 0 . The shape and parameters in V ͑r͒ have been adjusted to reproduce the s, p, and d scattering phase shifts in the low energy region (below 5 eV). This potential has two core levels, representing the orthogonality of the scattered electron to the 3s and 3p levels of Ar. Using the structure determined in step (1), for a given position of the electron, the electric field E i at each Ar site i in the layer is obtained from
where E i,0 is the electric field created by the electron and its image in the metal and T ij E j is the field created at site i by the polarized atom at site j and by its image. Equation (2) is solved by iterations for a large number of Ar atoms (typically 500 -1000) to get the fields E i and the corresponding Ar dipoles, thus leading to the electronlayer interaction potential. With the above procedure, the bottom of the conduction band in bulk Ar is at 0.23 eV above vacuum, in excellent agreement with experimental values [19, 20] . The spirit of the present treatment of the Ar layer potential is close to that of earlier studies on excess electrons in rare gas fluids [21] or in freestanding Xe layers [22] . Besides the prior determination of the layer structure, the main difference lies in the account of the presence of the metal and of the perturbations introduced by images.
(iii) The third step solves the Schrödinger equation for an electron in the above potential using a 3D wave packet propagation (WPP) method. It is based on a split operator propagation technique using a 3D fast Fourier transform. The time evolution of an electron wave packet is thus obtained on a 3D rectangular grid of points, and we extract the energies and the wave functions of the image states as functions of their momentum parallel to the surface, k k . As a typical example, Fig. 1 presents the square modulus of the n 1 state wave function in a plane normal to the surface (1 and 4 ML Ar layers, k k 0). The probability of the presence of the electron is high in vacuum, it decreases as the electron penetrates into the Ar layer, and it is very small inside the metal. This is interpreted as the image state energy being inside the Ar layer band gap. Equivalently, the wave function of an excess electron in the layer has to be orthogonal to the localized Ar core levels, and this repels the low energy electrons from the layer. The localized structures in the wave function inside the Ar layer are due to this orthogonality constraint. The n 1 state and, similarly, n 2 and 3 states thus retain their image state character, and they only weakly penetrate inside the dielectric Ar layer. Even a single Ar layer, which could look like a barrier with many holes, efficiently blocks the electron penetration.
From the wave function, we compute the penetration probability, P, of the image states inside the metal which we assume to be proportional to their decay rate [23] . Although this is an approximation [10] , it was shown [24] to lead to a satisfying account of the clean Cu(100) states lifetimes, compared to theoretical [10] or experimental data [9] . Here, to stress the dependence of the image-state lifetime on the Ar layer thickness, we compute the lifetime, t, of the n state for a w ML Ar layer by scaling:
The image-potential states of Ar͞Cu(100) were also studied by time-resolved 2PPE. The frequency-tripled output of a Ti:sapphire oscillator with 60 fs pulse duration excites metal electrons into the normally unoccupied states. The photon energy was matched to the work function, which drops from F 4.64 eV for clean Cu(100) to 4.38 eV for 3 ML of Ar. The temporal evolution of the transient population was probed by time-delayed pulses of the laser fundamental lifting a small fraction of the excited electrons above the vacuum edge. These photoelectrons were detected under normal emission by a hemispherical analyzer with energy/momentum resolution of 22 meV͞ 60.015 Å 21 . The lifetimes were obtained from the exponential signal decay as a function of the pump-probe delay. The cleaning of the Cu(100) sample, the preparation of the Ar layers, and the coverage calibration by thermal programmed desorption are described elsewhere [2, 25] .
Selected examples of 2PPE data for various Ar film thicknesses are displayed in Fig. 2 , and binding energies and lifetimes are summarized in Fig. 3 . More details will be published elsewhere [15] . Ar adsorption strongly influences the image states and, in particular, their lifetimes t (left side of Fig. 2) . While on the clean surface t is only 40 fs for n 1, it increases exponentially with layer thickness to 1.5 ps for 3 ML. A similar behavior is observed for the higher states, although less pronounced. Lifetimes for n 3 up to 2 ML coverage were obtained by quantumbeat spectroscopy [9] . Typical energy-resolved spectra recorded at fixed delay are plotted on the right side of Fig. 2 . The three lowest states are resolved, which in combination with the distinct coverage-dependent spectral Figure 3 shows the present experimental and theoretical results for the energy and lifetime of the n 1, 2, and 3 image states as a function of the Ar coverage. The two sets of results are in close agreement with each other. In particular, the experimentally observed changes in the states' characteristics and their n dependence are quantitatively accounted for by the present parameter-free calculations. Further information on the Ar layer effect can be drawn from these results. The decrease of the state binding energy seen in Fig. 3 is due to the repulsion of the Ar layer which pushes the image states away into vacuum (see Fig. 1 ) where the image attraction is weaker. As for the level lifetime, again the Ar layer repulsion decreases the penetration of the image states in the metal and thus accounts for the increase of the level lifetime with the coverage. However, this increase appears different for the different n states. This can be linked to the Ar layer transmission probability which increases as the electron energy gets closer to the upper edge of the insulator band gap. In bulk Ar, the upper edge is 0.23 eV above vacuum; in Ar͞Cu(100), it is modified both by the finite layer thickness and by the metal image interaction. In the present wave functions, the higher is n, the slower is the electron probability decreasing inside the Ar layer, and this accounts for the different slopes of t variation in Fig. 3 . As a direct consequence of this effect, the relative magnitude of the n state lifetimes should change with the layer thickness: for thick layers, t should decrease with n, in contrast with clean Cu(100). This feature already partly appears in the present theoretical and experimental results at 4 ML where t͑n 1͒ . t͑n 2͒. Linked to the above discussion, the saturation appearing in the calculated t͑n 3͒ in the 3-4 ML range is tentatively attributed to a balance between two effects. As w increases, on one hand, the transmission is favored by the binding energy change, and, on the other hand, it is decreased by the increase of the layer thickness.
A finite fraction of the image state is located inside the Ar layer (typically 10%-15% for n 1) where the potential is strongly corrugated. The electron motion parallel to the surface is then not free anymore, and this is reflected in its effective mass, m ‫ء‬ . For a 2 ML Ar layer, m ‫ء‬ is equal to 0.92m e , 0.98m e , and 0.99m e for n 1, 2, and 3, respectively (m e is the free electron mass). The (m ‫ء‬ 2 m e ) difference decreases as n increases due to the smaller probability of the presence of the electron inside the layer for the higher n. Although significant, m ‫ء‬ 2 m e is small and the present experimental study could only set an upper limit equal to 0.1m e for this difference.
We have reported on a joint experimental-theoretical study of the effect of an atomically thin Ar layer on the image states on a Cu(100) surface. The change of the image states can be understood as the effect of a dielectric layer on the surface that repels the state wave function into vacuum. Scattering of the electron inside the Ar layer leads to a non-free-wave character revealed by an effective mass different from the free electron mass for the electron motion parallel to the surface. The present microscopic description with mutually polarizing Ar atoms enables the quantitative description of the dielectric character of the Ar layer which appears to be already present for a single atomic layer. Its success in the present application makes it a very promising tool for the study of the effect of insulator layers on transient electronic states at surfaces.
